An aluminum bicrystal with (001) [100] and (112) [11 " 1 1] orientation was deformed by plain-strain compression to a strain of 0.34. The types of slip systems responsible for producing crystal rotations relative to the initial orientations were clarified by the crystal rotation axis method. In the (001) [100] crystal, an affected zone developed along the grain boundary, which revealed a variety of slip systems in operation; the operation of some of these systems could be predicted from the Schmid factor while that of the remaining systems could not. The unpredictable slip systems were activated by the formation of cross slips. After annealing at 400 C for 30 s, recrystallization that occurred was characterized by strain-induced boundary migration. The recrystallized area had the same crystal orientation as that of the affected zone of the (001) [100] crystal. By using the crystal rotation axis method, it was determined that the affected zone was the origin of the strain-induced boundary migration.
Introduction
It is well known that the rolling texture of heavily coldrolled aluminum consists of {110} h112i, {123} h634i, and {112} h111i components. A sequence of these components is called a fiber. 1) On annealing, the rolling texture changes to a specific recrystallization texture containing {100} h001i.
2,3)
In order to elucidate the relationship between plastic deformation and recrystallization at a grain boundary, aluminum or copper bicrystals having {100} h001i, {110} h112i, {123} h634i, and {112} h111i components are occasionally used. [4] [5] [6] [7] [8] In particular, the deformation and recrystallization experiment performed using a bicrystal with {100} h001i and {123} h634i was noted because the orientation relationship between deformation and recrystallization textures, referred to as the 40 h111i rotation relationship, was preferred for grain growth during recrystallization. 8) In cold-rolled aluminum and copper polycrystal specimens, it was often observed that a {100} h001i recrystallized grain shared its boundary with an un-recrystallized area with {112} h111i after annealing. 9, 10) Therefore, it is worthwhile to use not only a {100} h001i/{123} h634i bicrystal but also a {100} h001i/{112} h111i bicrystal to discuss the nucleation of a {100} h001i recrystallized grain. For copper bicrystal specimens having various crystal orientations, Kikuchi et al. carried out rolling up to a thickness reduction of 90% and annealing at 500 C for 30 s. 11) The rolling and recrystallization textures were measured by X-ray diffraction. The {100} h001i/{112} h111i bicrystal specimen exhibited a recrystallization texture containing {100} h001i. The formation of {100} h001i in the recrystallization texture was ascribed to a preferred orientation relationship with respect to {112} h111i during grain growth. However, Kikuchi et al. did not exhibit deformation and recrystallization structures along the grain boundary, where new grains might nucleate and grow.
In this study, a (001) [100]/(112) [11 " 1 1] aluminum bicrystal specimen was subjected to plain-strain compression to a true strain of 0.34. The types of slip systems responsible for producing crystal rotations relative to the initial orientations along a grain boundary were clarified by the crystal rotation axis (CRA) method. The strain-induced boundary migration (SIBM) observed after annealing was related with the inhomogeneous operations of slip systems during deformation and the local stored energies introduced by these operations.
Experimental Procedure
A bicrystal plate having (001) [100] and (112) [11 " 1 1] was made from 99.99% aluminum by the modified Bridgeman method. A 20 Â 4:9 Â 3:8 mm 3 specimen was cut from the plate using an electric discharge machine. The specimen surface was then mechanically and electrolytically polished. Figure 1 shows a schematic illustration of the bicrystal specimen and the channel die; it also shows the relationship between the crystal coordinate systems of component crystals and the sample coordinate system comprising the elongation direction (ED), the transverse direction (TD), and the normal direction (ND). The grain boundary was aligned parallel to the compression plane, and the upper and lower crystals had the initial crystal orientation of (001) [100] and (112) [11 " 1 1], respectively. The upper and lower crystals are called ''W crystal'' and ''C crystal,'' respectively. The Euler angles in Bunge's expression were 298. 6 , 0.9 , and 60.7 in the W crystal and 269. 3 , 34.4 , and 45.3 in the C crystal. The deviation from the ideal crystal orientation was 1.1 in the W crystal and 1.0 in the C crystal. The specimen was wrapped with silicon and Teflon films in order to reduce the effect of friction. It was then placed in a channel die and deformed to a true strain of 0.17 at room temperature by applying compression along ND at a strain rate of 1:7 Â 10 À3 s À1 . Thereafter, it was electrolytically polished and compressed again in the die until the total true Materials Transactions, Vol. 51, No. 4 (2010) pp. 607 to 613 Special Issue on Crystallographic Orientation Distribution and Related Properties in Advanced Materials II #2010 The Japan Institute of Light Metals strain was 0.34. Then, slip traces on the specimen surface parallel to ED and ND (called the TD plane) were observed using a scanning electron microscope (SEM). Electron backscatter diffraction (EBSD) patterns were measured in an area across the grain boundary. The scan step in the EBSD measurements was 2 mm for the analysis of the CRA orientation and 1 mm for the calculation of stored energy. The deformed specimen was annealed in an electric furnace at 400 C for 30 s. After annealing, EBSD measurements were conducted on the TD plane using a scan step of 10 mm. Tables 1 and 2 show the resolved shear stress factor, generally called the Schmid factor, of the slip systems in the W and C crystals. When the specimen is subjected to external compressive stress along ND, it deforms along ED, but not along TD because of the constraint imposed by the channel die. Therefore, it undergoes reaction stress due to compression along TD. In this study, the slip systems undergoing reaction stress along TD were regarded as inoperative slip systems. Further, the slip systems with the highest Schmid factor for external stress along ND and zero Schmid factor for reaction stress along TD were considered to be active in deformation. In accordance with this criterion, the active slip systems were a2, b2, c2, and d2 in the W crystal and a1, a2, c3, and d3 in the C crystal. These active slip systems were called ''predictable'' and the other slip systems were referred to as ''unpredictable'' systems. Figure 2 shows octahedrons and arrows depicting the {111} slip planes and the h110i slip directions, respectively. The operations of the slip system pairs a2-d2 and b2-c2 in the W crystal give rise to a shear strain of AE" ED/ND . Similarly, the operations of the a1-a2 and c3-d3 pairs in the C crystal produce a shear strain of AE" ED/ND .
A common rotation axis between the crystal orientations before and after deformation was called the CRA orientation, which was obtained by comparing the crystal orientations after deformation at each EBSD measuring point with the initial crystal orientation. The CRA orientation was plotted on a stereographic projection. This projection was called the CRA projection. CRA orientations were also spatially represented on a map by referring to a color coding system. This map was called the CRA map. The CRA projection and CRA map were previously proposed by Wert. 12) Their definitions are mentioned in detail in an earlier report. 13) In the deformation of a FCC metal such as aluminum, a slip system operates on a {111} plane in a h110i direction. This single slip operation produces a crystal rotation with respect to the initial orientation about a h112i axis on a crystal coordinate system. The h112i rotation axis is geometrically assigned to each slip system. This rotation axis was called the lattice rotation axis (LRA). Such a crystal rotation about a h112i axis was experimentally recognized by TEM observation, 14, 15) and the resultant LRA orientation was analyzed by the CRA method. 13) Tables 1 and 2 list the LRA orientations of the slip systems in the W and C crystals. In order to identify slip systems that underwent a greater influence of grain boundary, the CRA orientation obtained experimentally by EBSD measurements was primarily compared with the LRA orientations of the predictable slip systems. This method used to evaluate the operation of slip systems with respect to each other was explained in an earlier report. 13) 3. Experimental Results
Slip traces
Deformation inhomogeneity was confirmed in the vicinity of the grain boundary after plane-strain compression. Figure 3 shows two typical examples of slip operations near a grain boundary on the TD plane. One example is the deformed area shown in Fig. 3 (a), which shows that straight slip traces parallel to the a-d and b-c planes in the W crystal reached the grain boundary. The other example is the area shown in Fig. 3 (b); it shows that these slip traces did not reach the grain boundary, and cross slips parallel to the grain boundary replaced the straight slips within 30 mm of the grain boundary. The cross slips were inhomogeneously distributed along the grain boundary. The pairs of slip systems generating the cross slips on the TD plane were geometrically determined to be the a1-c1, b1-d1, a3-b3, or c3-d3 pairs. These slip systems corresponded to unpredictable slip systems. The straight slip traces parallel to the a-d plane observed in Fig. 3 (a) were revealed to be at an angle of about 30 relative to the grain boundary plane, while those observed in Fig. 3 (b) were at an angle of about 40
. It was also geometrically determined that a slip trace parallel to the a-d plane has an angle of 45 to the grain boundary plane at the onset of deformation. Therefore, the deformation area where the cross slips occurred (Fig. 3(b) ) had a smaller crystal rotation relative to the initial orientation than the deformation area where the straight slip traces reached the grain boundary ( Fig. 3(a) ). In the C crystal, double slips were observed to occur parallel to the a and c-d planes. Figure 4 shows the color code projection, two CRA maps, and a CRA projection. The CRA orientation at each EBSD measuring point on the CRA maps was colored in accordance with the color coding scheme shown in Fig. 4(a) . Figures 4(b) and (c) were obtained from the same area. However, in the latter map, the CRA orientations having rotation angles of less than 5 relative to the initial orientation were colored white.
CRA map and CRA projection
As shown in Fig. 4(b) , the color pattern in the vicinity of the grain boundary is different from that in the interiors of the W and C crystals. It is noted that in the W crystal, a deformed area lying along the grain boundary and having a thickness of about 10 mm has blue and green colors. These colors are indeed different from those in the deformed area located in the W crystal and lying at a distance of 200 mm from the grain boundary. This implies that the CRA orientations differed between the vicinity of the grain boundary and the interior of the W crystal. Figure 4 (c) indicated that the white area observed in the W crystal was located along the grain boundary, implying that in comparison with the deformed area inside the W crystal, the area along the grain boundary had smaller rotation angles relative to the initial orientation. The area having smaller angles may correspond to the deformation area introducing the cross slips shown in Fig. 3(b) . Further, in the case of the C crystal, the deformed area with a smaller rotation angle was located inside the crystal. Thus, the grain boundary affected both the CRA orientation and the rotation angle in the W and C crystals. In Characteristics of Strain-Induced Boundary Migration as Evaluated by the Crystal Rotation Axis Methodparticular, the influence of the grain boundary was evident in the deformed area of about 10-mm thickness along the grain boundary of the W crystal. In this study, this area was called an ''affected zone'', which corresponded to a zone that developed along a grain boundary in aluminum bicrystal deformed by tension applied along h001i.
16)
As mentioned in the section 3.3, recrystallization that occurred after annealing was characterized by SIBM. SIBM started at the affected zone in the W crystal. Therefore, we paid special attention to the deformation in the affected zone. The CRA orientations in the blue (area 1) and green (area 2) areas in Fig. 4(b) are represented on a CRA projection in Fig. 4(d) . The CRA orientations in area 1 were distributed from [0 "
1 10] to [ " 1 1 " 2 20], whereas those in area 2 were scattered around [ " 1 10 " 1 1]. We evaluate the combinations of LRA orientations of slip systems in order to find a match with each of the CRA orientations. Table 3 shows the relationship between the CRA orientations and LRA orientations. The predictable slip systems in the W crystal were a2, b2, c2, and d2. If these slip systems operate equivalently, no crystal rotation occurs relative to the initial orientation. The crystal rotation about the TD axis parallel to [010] or [0 "
1 10] occurs by unbalanced operation between the a2-d2 and b2-c2 pairs during plane-strain compression. In the affected zone, when the a2-d2 pair operates more strongly than the other pair, the resultant LRA orientation becomes ½1 " 2 21 þ ½ " 1 1 " 2 2 " 1 1 ¼ ½0 " 1 10. This implies that area 1 having crystal rotation about [0 " 1 10] relative to the initial orientation was deformed by the stronger operation of the a2-d2 pair. By this deformation, a shear strain of -" ED/ND was introduced into the W crystal. This crystal rotation of about [0 "
1 10] corresponded well with that previously observed in cold-rolled and plane-strain compressed {100} h001i single crystals. 17, 18) Area 1 having crystal rotation about [ " 1 1 " 2 20] was obtained by the stronger operation of the a2-d2 pair and b2, and d2 operated at twice the strength of a2 and b2. Thus, area 1 (blue color) arose because of the operation of the a2-d2 pair and the additional operation of b2. In area 2, CRA orientations were scattered around [ " 1 10 " 1 1]. When the b2-c2 pair and d2 operate, and the operation of d2 is twice as strong as that of the b2-c2 pair, the W crystal rotates about [ " 1 10 " 1 1] relative to the initial orientation. These predictable slip systems are considered to operate in area 2, where the straight slips parallel to the a-d and b-c planes reached the grain boundary ( Fig. 3(a) ). Next, we attempt to evaluate the combinations of LRA orientations of unpredictable slip systems in order to find a match with the CRA orientation of [ " 1 10 " 1 1], because as shown in Fig. 3(b) , the cross slips were observed in the vicinity of the grain boundary corresponding to the affected zone. If the b1-d1 and c3-d3 pairs operate, the W crystal rotates about [ " 1 10 " 1 1] relative to the initial orientation. Here, the former and latter pairs introduce shear strains of -" TD/ND and -" RD/TD , respectively. In addition, when c3, d1, and d3 operate with different magnitude, the W crystal also rotates about [ " 1 10 " 1 1]. Thus, area 2, where cross slip occurred, was deformed by the operation of unpredictable slip systems.
Strain-induced boundary migration
Figure 5(a) shows an image quality (IQ) map of the annealed specimen. IQ mapping is a function of OIM analysis software developed by TSL Co., Ltd. There is a difference in the contrast between the W and C crystals. SIBM occurred at the original grain boundary (OGB). The new grain boundary (NGB) formed by SIBM moved into the C crystal, and then, the recrystallized area having (001) [100] expanded. The maximum distance of NGB from OGB was approximately 100 mm. Recrystallized grains also formed in the interior of the C crystal. Figure 5 (b) shows a schematic diagram taken at the same location as Fig. 5(a) , revealing the character of crystal orientations of recrystallized and unrecrystallized areas. In this figure, the white and grey area have crystal orientations within and beyond 5 of the initial orientation of the W crystal, respectively, and the black area has the same crystal orientation as that of the deformed C crystal. Almost the entire recrystallized area formed by SIBM had the crystal orientation within 5 of the initial orientation, which coincided with the crystal orientation of the affected zone, as shown in Fig. 4(c) . Figure 5 (c) depicts a CRA map of Figs. 5(a) and (b). The recrystallized area formed by SIBM had the same color pattern as that of the affected zone as shown in Fig. 4(b) . Thus, on comparing Fig. 4 with Fig. 5 , it is evident that SIBM started at the affected zone.
Discussions

Slip systems activated along the grain boundary
As shown in Fig. 3 , the cross slips occurred inhomogeneously along the grain boundary on the TD plane. These cross slips were introduced by unpredictable slip systems. It is widely accepted that cross slip plays a role of stress relief in deformation of FCC metals with high stacking fault energy. 19) Therefore, in this study, the cross slips introduced by the unpredictable slip systems occurred so as to reduce the internal stress stored in the vicinity of grain boundary of W crystal. It was reported that the deformation of an aluminum bicrystal basically depended on the initial orientation during plane-strain compression. 5, 20) It was also mentioned that the deformation behavior was influenced by a grain boundary in plane-strain compression or simple shear, and crystal rotation in the vicinity of the grain boundary relative to the average crystal orientation was larger than that in the interior of the crystal. 21, 22) We believe that the combination of two crystal orientations determines the characteristic of deformation near a grain boundary, irrespective of whether the grain boundary affects plastic deformation strongly or not.
In this study, the combination of W (001) [100] and C (112) [11 " 1 1] resulted in the formation of the 10-mm-thick affected zone along the grain boundary in the W crystal, whereas in the C crystal, there is no apparent formation of an affected zone along the grain boundary. Further, in the interior of the C crystal, the crystal rotation relative to the initial orientation was smaller than that in the vicinity of the grain boundary. In contrast, the crystal rotation in the interior of the W crystal was larger than that in the vicinity of the grain boundary, including the affected zone.
Kuo et al. predicted the spread of crystal orientations in the vicinity of a grain boundary in an aluminum bicrystal deformed by plane-strain compression; for the prediction, they employed the digital image correlation (DIC)-based Taylor model. 23) The DIC technique applied using a CCD camera revealed two-dimensional displacement on the specimen surface before and after deformation. The spread of crystal orientations evaluated by the DIC technique was compared with that measured by the EBSD method. The aluminum bicrystal composed of two crystals-the C1 crystal having Euler angles of 98. 7 , 34.7 , 175.1 and the C2 crystal having angles of 60. 7 , 47.8 , and 240.1 -was deformed by plane-strain compression to a strain of 0.05. As predicted by the DIC-Taylor model, the crystal rotation of the C1 crystal relative to the initial orientation was larger in the vicinity of the grain boundary than that in the interior of the C1 crystal. On the other hand, EBSD measurements revealed that the crystal rotation in the vicinity of the grain boundary Table 3 Relationship between the orientation of crystal rotation axis (CRA) and the orientation of lattice rotation axis (LRA).
CRA 0 " 1 10 1 1
was smaller than that in the interior of the C1 crystal. The reason why the crystal rotation in the vicinity of the grain boundary predicted by the DIC-Taylor model did not correspond with that measured by EBSD is that the vicinity of the grain boundary was not in the state of plane strain, but in the state of non-plane strain where external strain components were extracted. Here, it should be noted that in the C1 crystal, the vicinity of the grain boundary had smaller crystal rotation than the interior of the crystal; in addition, the vicinity of the grain boundary contained the external strain components.
We performed the present study on an aluminum bicrystal whose crystal orientations were different from those of the bicrystal used by Kuo et al., but we obtained the same results as those of Kuo et al. in terms of the crystal rotation and strain. The crystal rotation in the vicinity of the grain boundary (i.e., the affected zone) in the W crystal was smaller than that in the interior, and the affected zone was in the state of non-plane strain. In the affected zone, the CRA orientations were distributed from [0 "
1 10] to [ " 1 1 " 2 20] in area 1 and around [ " 1 10 " 1 1] in area 2. The crystal rotation about [ " 1 10 " 1 1] relative to the initial orientation occurred by the operation of predictable slip systems of b2, c2, and d2 and of unpredictable slip systems of b1, c3, d1, and d3. These operations introduced the non-plane strain of -" TD/ND and -" RD/TD . In particular, the unpredictable slip systems operated in the deformed areas where the cross slips occurred. Thus, we could evaluate in detail the combinations of slip systems that introduce non-plane strain.
Crystal orientation of recrystallized area formed by
SIBM SIBM is one of the major recrystallization mechanisms proposed by Beck.
24) It is well accepted that SIBM occurred in polycrystalline metals deformed to a strain smaller than about 0.2. 25) According to Bailey, 26) SIBM can nucleate when R is larger than the critical value such that R > 2=E, where R is the radius of the bulging boundary; , the specific boundary energy; and E, the energy difference between two adjacent grains. The larger the energy difference, the smaller will be the necessary critical radius.
Driver et al. performed an experiment on dynamic recrystallization of an aluminum bicrystal deformed by hot plane-strain compression up to a true strain of 1.5.
8) Four bicrystal combinations were selected to represent typical grain boundaries between S {142} h211i and adjacent W {100} h001i, C {112} h111i, B {011} h112i, or another S variant orientation. The observed recrystallization was not dynamic but static, and it occurred during the quenching process performed just after hot plane-strain compression. To discuss the recrystallization process occurring at a grain boundary, the stored energy was calculated from the average cell diameter and misorientation. The misorientation was determined from the average value of about 100 EBSD points at 2 mm steps across sub-boundaries. However, Driver et al. did not describe the formation of an inhomogeneous deformation zone along the boundary, such as the affected zone recognized by the CRA method in this study; hence, the estimated stored energy was considered to be the average value. We believe that a (001) 27) It is possible that during deformation, a dislocation-free grain was created adjoining the grain boundary. Since the dislocation density of the dislocationfree grain was much lower than that of the adjacent deformed crystal across the boundary, SIBM could occur, even though the difference in the stored energy between the ( " 1 142
] crystals was apparently zero in the deformed state.
In this study, SIBM was observed in the W (001) [100]/ C (112) [11 "
1 1] bicrystal. Using the CRA method, we could recognize the existence of an affected zone along the grain boundary in the W crystal after the crystal was deformed. In the affected zone, a variety of slip operations occurred, namely, inhomogeneous deformation occurred along the grain boundary. Therefore, the dislocation density in the vicinity of the grain boundary should differ from that in the interior of the crystal.
The kernel average misorientation (KAM) method was applied to the calculation of the stored energy of the W and C crystals. Using this method, Takayama et al. evaluated the stored energy of Al-Mg alloy subjected to continuous cyclic bending.
28) The stored energy was given by E = (Gb)/ (2d), where , G, b, and d denote KAM, the shear modulus (G ¼ 26:1 GPa for aluminum), Burger's vector (b ¼ 0:286 nm), and the scan step of EBSD, respectively. 29) Here, was determined by the character of the grain boundary, and ¼ 3 was adopted as the average value for tilt and twist boundaries. In this study, the EBSD data recorded using a scan step of 1 mm was used for the estimation of stored energies. The stored energies of the W and C crystals in the vicinity of the grain boundary were evaluated in deformed areas located within 10 mm of the grain boundary, which contained the affected zone of the W crystal. The stored energies in the interiors were measured in deformed areas located at a distance of 120 mm from the grain boundary. Table 4 shows the stored energies calculated from KAM. The difference in the stored energies of the interiors of the W and C crystals was ÁE IN ¼ 152:0 kJ/m 3 . On the other hand, the difference in the stored energies in the vicinity of the grain boundary, including the affected zone of the W crystal, was ÁE GB ¼ 75:0 kJ/m 3 . Thus, the difference in the stored energies in the vicinity of the grain boundary was half of that in the interiors of crystals. As compared with the average values of the total stored energies of the whole crystals, the difference in the stored energies in the vicinity of the grain boundary was still much smaller than the that in the average stored energies of ÁE AVE ¼ 109:4 kJ/m 3 . This was because 612 K. Kashihara, Y. Takeuchi and T. Shibayanagi the stored energy in the vicinity of the grain boundary of the W crystal, i.e., in the affected zone, was larger than that in the interior, and the stored energy in the interior of the C crystal was larger than that in the vicinity of the grain boundary. The driving force for SIBM determined using the stored energies in the vicinity of the grain boundary was underestimated, as compared to that calculated using the stored energies in the interiors of the crystals, or the average stored energies. Thus, the estimation of stored energies in local areas along a grain boundary is necessary for correctly understanding the onset of SIBM. In the present case, the SIBM boundary moved into the C crystal, and the crystal orientation of the recrystallized area was inherited from the affected zone of the W crystal, which was the origin of SIBM. Here, it is especially interesting that in the C crystal the stored energy in the vicinity of grain boundary was smaller than that in the interior. This indicates that the deformation along the grain boundary was more uniform than that inside the crystal. This may be attributed to the character of grain boundary, which is determined from the combination of component crystals. However, this is as yet unknown. 1 1] crystals, the difference in the stored energies in the vicinity of the grain boundary is smaller than that in the interiors of the crystals. The deformation inhomogeneity along the grain boundary, which leads to the formation of an affected zone, influences the local stored energy. The affected zone of the (001) [100] crystal is the origin of SIBM. 
Conclusions
